A gut-wide network of interstitial cells of Cajal generates electrical oscillations (slow waves) that orchestrate waves of muscle contraction. In the small intestine there is a gradient in slow wave frequency from high at the duodenum to low at the terminal ileum. Time-averaged measurements of frequency have suggested either a smooth or a stepped (plateaued) gradient. We measured individual contraction intervals from diameter maps of the mouse small intestine to create interval maps (IMaps). The IMaps showed that each frequency plateau was composed of discrete waves of increased interval. Each interval wave originated at a terminating contraction wave, a 'dislocation' , at the proximal boundary of the plateau. In a model chain of coupled phase oscillators, interval wave frequency increased as coupling decreased or as the natural frequency gradient or noise increased. Injuring the intestine at a proximal point, to destroy coupling, suppressed distal steps, which then reappeared with gap junction block by carbenoxolone. This lent further support to our previous hypothesis that lines of dislocations were fixed by points of low coupling strength.
INTRODUCTION
Rhythmic waves of muscle cell depolarization, 'slow waves' , travel along the gut and cause contraction. Contraction waves serve to propel content towards the anus and to mix the luminal contents, so aiding absorption and bacterial homeostasis. For over a century, it has been known that the frequency of slow waves and their contractions decreases from the duodenum to the ileum of the small intestine (Alvarez, 1914) . Frequency has always been measured by counting or autocorrelating waves over a period of minutes (averaging) . From these data, some investigators found the frequency gradient to be smooth (Christensen, Schedl, & Clifton, 1966; Hasselbrack & Thomas, 1961) .
Others found regions of constant frequency, 'frequency plateaux' , c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society bordered by step changes in frequency (Diamant & Bortoff, 1969b; Szurszewski, Elveback, & Code, 1970) .
Bortoff suggested that plateaux could be explained if the muscle was a system of coupled oscillators (Bortoff, 1961; Diamant & Bortoff, 1969b) . Oscillators can be of any waveform (sine wave or irregular) and physical basis (biological cells or pendulum clocks) and can be modelled in many different ways (biophysical models or abstract 'toy' models), but whenever a number of oscillators are coupled to each other two general phenomena result: synchronization and frequency pulling (Strogatz & Stewart, 1993) . Synchronization means that the oscillators tend to minimize their phase difference. The frequency of an uncoupled oscillator is called its 'natural frequency' ( ). Frequency pulling means that if a pair of oscillators have different , the one with Experimental Physiology. 2018;103:1087-1100.
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New Findings

• What is the central question of this study?
What is the nature of slow wave-driven contraction frequency gradients in the small intestine?
• What is the main finding and its importance?
Frequency plateaux are composed of discrete waves of increased interval, each wave associated with a contraction dislocation. Smooth frequency gradients are generated by localized neural modulation of wave frequency, leading to functionally important wave turbulence. Both patterns are emergent properties of a network of coupled oscillators, the interstitial cells of Cajal.
the higher will 'pull up' the oscillation frequency of the other. The different oscillators will synchronize, but the phase difference will not go to zero (total synchronization). Instead, the lower oscillator will lag behind the higher.
If there were a chain of coupled oscillators along the small intestine, with a downward gradient towards the colon, Bortoff pointed out that pulling would generate a series of frequency plateaux, each terminated by a step when the coupling between oscillators weakened or the difference between the pulled frequency and became too great (Diamant & Bortoff, 1969b; Parsons & Huizinga, 2016) . The gradient would also explain another fact of the small intestine, that slow wave contractions generally propagate down the intestine towards the colon. Phase lag between different oscillators would give the appearance of a wave propagating down the gradient; the wave would not truly 'propagate' , it would be a 'phase wave' . Throughout the 1970s both ideas, phase waves and pulled plateaux, were corroborated by numerous mathematical models of chains of coupled oscillators (Parsons & Huizinga, 2016) . At the time, it was imagined that the oscillators were muscle cells, electrically coupled to each other by ionic channels called gap junctions. By the 1990s, it became apparent that the oscillators are in fact the interstitial cells of Cajal (ICCs). These cells envelop the entire length of the gut in a continuous network at the depth of the myenteric plexus, with a density of ∼750 cells mm −2 (Huizinga et al., 1995; Mei et al., 2009; Sanders, Ward, & Koh, 2014) .
Recently, we have re-examined coupled oscillator theory in the small intestine using models and the experimental technique of diameter mapping (Parsons & Huizinga, 2015 , 2016 Wei et al., 2017) . A length of small intestine was excised from a mouse and placed in an organ bath. Video cameras were used to measure the diameter of the intestine, a measure of contraction, along its length and over time. These data were used to create a 'diameter map' (DMap), an image of intestinal diameter where one axis represents time and the other distance along the intestine (Hennig, 2016) . Autocorrelation of the DMap showed that frequency decreased stepwise, with one to three frequency plateaux over a 30 cm length of intestine (Parsons & Huizinga, 2015) . Waves of contraction moved down the gradient.
At each frequency step, waves terminated at regular intervals equal to the inverse of the frequency difference across the step (Parsons & Huizinga, 2015) . In this way, the frequency step was created whilst the rest of the waves passed across the step without changing velocity. We called the wave terminations 'dislocations' , a name used in physics for the termination of a wave within a group ('train') of rhythmic waves (Nye, 1974) .
The positions of frequency steps and their associated dislocations were stable over time. We proposed two explanations for this (Parsons & Huizinga, 2016) . First, the distribution of step positions was a minimal energy state that arose spontaneously through symmetry breaking, a kind of dynamic equilibrium (Ball, 2009 ). An example of symmetry breaking is the formation of cells in the flow of rotated or heated fluids or gases, such as occurs in the atmospheres of Jupiter and Earth (Ball, 2009; Donnelly, 1991) . The second possibility was a spatial variation in a parameter, such as coupling or , that acted as 'tracks' onto which dislocations could latch. The effect on the small intestine of carbenoxolone, a gap junction blocker, immediately suggested this second possibility (Parsons & Huizinga, 2015 , 2016 . Carbenoxolone added frequency steps (lines of dislocations) without moving those that were already there. This stability suggested to us that variations in coupling were responsible for fixing dislocations.
We modelled the small intestine with a chain of coupled phase oscillators (Parsons & Huizinga, 2016) . A phase oscillator is described by a single differential equation that gives its rate of phase change as a function of its and its coupling strength (k) with, and phase difference from, the other oscillators with which it is coupled (Schwemmer & Lewis, 2012) . With a gradient in , the model produced waves that travelled down the gradient. Coupling strength, k, was the product of two parameters: a gap junction density (d junc ) that varied randomly along the length of the chain and a gap junction conductance (g junc ) that was constant across it. Steps occurred where d junc was lowest and were associated with repeated dislocations. Steps were added when g junc was lowered to simulate carbenoxolone.
Here, we measure individual contraction intervals from DMaps to create interval maps (IMaps). The IMaps reveal that frequency plateaux consist of discrete waves of interval change, each originating at a dislocation. These 'interval waves' shed new light on the dynamic properties of the ICC oscillator network. Physiology and confirm that the study was conducted in compliance with the animal ethics checklist as detailed by Grundy (2015) .
METHODS
Ethical approval
Fourteen-week-old, female CD1 mice were obtained from Charles River Laboratories (Sherbrooke, QC, Canada) and fed ad libitum on standard chow. To obtain intestines, 20 mice were killed by cervical dislocation after induction of general anaesthesia with isoflurane, following an approved standard operating procedure of the Animal Research Ethics Board.
Organ bath and diameter mapping
Lengths of small intestine (25-30 cm) were cut from the abdominal cavity, cut clean of mesentery, cannulated at each end (Parsons & Huizinga, 2015) and placed into a bath containing 1. (Parsons & Huizinga, 2015 . The lumen of the intestine was constantly perfused by oxygenated and warmed Krebs solution, pumped at a rate of 1 ml min −1 . In some experiments, electrical field stimulation was provided at two points along the intestine, by two Grass S48 stimulators (Natus, Pleasanton, CA, USA; . After pinching, the intestine is semi-transparent at the pinch point (arrow), although the muscle wall remains intact so that the solution pumped through the lumen does not leak. The intestine rests in a 1-cmwide groove (a, dashed line) in a plastic holder ('kit-kat'). The diagonal crosses at the top of (a) and (b) are actuator wire, part of a mesh used to keep the intestine submerged in its groove should a bubble of gas pass through its lumen of mucosa (Figure 1b ) but remained intact so that solution continued to perfuse through the lumen without leakage and loss of distension.
Interval maps
To Given that bandpass filtering subtracts the mean diameter (the zerofrequency component of the frequency spectra), the filtered diameter oscillates about zero, as illustrated when it is binarized (c), so that diameters <0 are black and diameters >0 are white. (d) In the interval map, filtered diameters >0 are filled according to a colour scale that represents the interval between contractions; from the start of one <0 region (black band) to the next (e.g. red arrow) selection was made by eye and the interval waves were too dispersed to define any 'true' velocity by an automated procedure, the velocities measured must be considered estimates.
Weakly coupled phase oscillator model
A chain of weakly coupled phase oscillators was simulated as described previously (Parsons & Huizinga, 2016) . 
where 0.75 is the [0, 1) normalized phase of the minimum of a sine wave (here representing the contraction maximum) and 0.25 is the normalized phase of the contraction maximum .
To model the effect of an electrical field pulse between t = a and t = b, we used the following relationships:
where ′ is the 'new' phase, immediately after the pulse; T is the unperturbed cycle length; is the 'old' phase, immediately before the pulse; and is the time between 'firings' either side of the stimulation.
For the explanation and derivation of eq. (2) see Figure 1 of Parsons & Huizinga (2016) or the introductory paper by Glass & Winfree (1984) ;
F I G U R E 3 Infinitesimal phase response curve. This curve defines the effect that weakly coupled phase oscillators have on each other according to their phase difference ( ). Either the oscillator speeds up, is phase advanced (Z > 0), or slows down, is phase delayed (Z < 0). This curve is based on our experimental measurement of the phase response curve in the small intestine eq. (2) is eq. (3) in their paper. The value of was found from ( , d), the model PRC , so that eq. (2) becomes in full:
where i stim was the index of the oscillator at the stimulation point; and q was 10 oscillators cm −1 , giving the model DMap a 'real' length of 20 cm (200 oscillators/q), comparable to an intestine with a frequency gradient of the same magnitude ( fig. 4 of Parsons & Huizinga, 2015) .
RESULTS
Dislocation-associated interval waves
When neural activity was blocked by lidocaine, slow wave-driven contraction waves traversed the length of the mouse small intestine from the proximal to the distal end (duodenum to ileum; Figure 4a ). . The first band, at zero lag, is the correlation of the unshifted signal and so will be one. Successive bands indicate the correlation between every wave, every second wave, every third wave, etc. It can be seen that the bands are mostly vertical, but step to the right (interval increases, frequency decreases) at the positions where dislocations occur. Thus, there are frequency steps at these positions, and in between the frequency is constant, i.e. a frequency plateau. (c,e) Interval maps show that contraction interval increases in a comet-shaped wave at each dislocation
Steps, dislocations and coupling
With an gradient similar to the mouse small intestine and no variation in coupling strength, there were no dislocations in the model, and the whole chain was pulled to the same frequency ( Figure 6a ; Parsons & Huizinga, 2016) . When the size of the gradient was increased, dislocations and associated interval waves occurred at different, random or wandering positions, resulting in a smooth frequency gradient as measured by autocorrelation (Figure 6b,c) . Thus, spontaneous symmetry breaking into stable dislocation positions does not appear to be possible for the weakly coupled oscillator chain, at least as far as we have explored it.
The induction of dislocations at a point of low coupling will be dynamic in the sense that it is not solely dependent on the strength of coupling. The probability of dislocation (step) induction will increase as the difference between and the pulled frequency increases (Diamant & Bortoff, 1969b) . The pulled frequency is itself dependent on the position of proximal steps and therefore the overall pattern of step positions will be an equilibrium according to the overall distribution of coupling (and ) along the whole length of the chain. This dynamic principle is evidenced by the coupled oscillator model (Figure 7 ).
Reducing d junc to zero at a proximal point in the chain induced a frequency step, but the complete lack of coupling meant that there were no dislocations or interval waves; the two sides of the point were, in effect, separate chains (Figure 7b,c middle) . The oscillators distal to the induced step were pulled to a lower frequency ( at the step) so reducing the pulled-frequency difference. This made a distal step ( ) disappear along with its dislocations and interval (Figure 7c middle) . Clearly, the balance between pulledfrequency difference and coupling strength were similar at these two points.
We could reproduce the sequence in Figure 7 (proximal decoupling and disappearance of distal steps, followed by reappearance with overall decoupling) experimentally in the small intestine (Figure 8 ).
The intestine was 'pinched' ∼6 cm from its distal end with Mathieu needle holders so as to induce tissue damage that would significantly reduce coupling in the ICC network (see Methods). Pinching induced a new frequency step, without dislocations or interval waves, and suppressed steps distal to it (Figure 8 ). When overall coupling was then reduced with carbenoxolone, steps with dislocations and interval waves returned at the same positions they were before pinching. With an gradient similar to the mouse small intestine and no variation in coupling along the chain of phase oscillators, there were no interval waves in the IMap (a, left) and no frequency steps in the corresponding autocorrelation (a, right). The whole chain was entrained to a single frequency. When coupling was reduced (g junc from 3 to 2) and the natural frequency gradient increased ( distal from 1.5 to 2 s), interval waves appeared (b, left) but were scattered so that frequency changed smoothly (b, right). (c) If the frequency gradient was increased further ( distal to 2.5 s), more interval waves appeared. The other parameters were as follows: proximal = 1.2 s; = 0; and d junc = 1 of continuous waves, there is a gap, with waves terminating on its proximal side and reappearing on its distal side . Breakages can be classified by an 'm:n' number pair, where m is the number of terminating waves and n the number initiating waves (Figure 9a) . A dislocation forms when the first unbroken wave wraps around the last terminating wave so that m is greater than n. Spontaneous dislocations can be classified in a similar manner by an m:n pair. Pulse-induced dislocations were associated with interval waves indistinguishable from spontaneous interval waves (Figure 9b-f ). We modelled electrical field pulses in the weakly coupled phase oscillator model by shifting oscillator phase according to a model phase response curve (see Methods). The 'pulse'-induced dislocations in the model were also associated with interval waves (Figure 9g-k) .
Electrical field pulse-induced dislocations
In the small intestine, spontaneous interval waves had a velocity of 2.54 ± 0.11 mm s −1 (n = 73), and pulse induced interval waves had a velocity of 2.13 ± 0.08 mm s −1 (n = 84). Although this was a statistically significant difference (P = 0.0019 by Student's unpaired t test; P = 0.0015 by Mann-Whitney U test), there was no qualitative difference in their distributions (Figure 10 ). In the model, spontaneous and pulse-induced interval waves had a velocity of ∼1.1 oscillators s −1 , irrespective of the parameters as explored in Figure 5 . This converts to 1.1 mm s −1 based on giving the chain a length of 20 cm, comparable to an intestine with a frequency gradient of the same magnitude (see Methods).
Frequency in the presence of neural activity
In the absence of enteric neural block by lidocaine, slow wavedriven contractions occurred in clusters tens of seconds to minutes long, separated by quiescent gaps of a few seconds (Figure 11a ).
Within each cluster, contraction waves travelled in both directions, and dislocations were dispersed in an apparently random fashion.
Autocorrelation showed no distinct frequency steps (Figure 11b ).
Instead, the frequency changed continuously if unevenly. The IMaps showed a complex pattern of patches and waves of varying interval increase (Figure 11c ). Only some of the interval waves were clearly associated with dislocations and, conversely, many dislocations were not associated with a clear interval wave.
DISCUSSION
The nature of the frequency gradient
Sarna suggested that 'averaging over the longer period tends to conceal the variation of frequencies … and may lead to the appearance of regions of nearly constant average frequency [plateaux]' (Sarna, Daniel, & Kingma, 1971) . Our results prove his hypothesis to be correct. A frequency plateau is not the monolithic spatiotemporal entity brought to mind by its geological namesake. There is no real step in interval, continuous across time, and no region where interval is constant across time. Instead, there are discrete waves of interval change, each originating at a dislocation and, when averaged, these waves give a plateau.
Nevertheless, the plateau cannot be thought of as merely a measurement artefact, an artefact that has been avoided where a smooth gradient has been measured. Plateaux and steps will not be measured unless dislocations and their interval waves are fixed in position. In this sense, plateaux and steps are real, and a smooth gradient cannot be explained as the result of a shorter averaging period. Instead, smooth gradients must result when interval waves and dislocations are not fixed to particular locations. This has been pointed out by Lammers & Stephen (2008) : 'There has been some discussion about whether the frequency decrease is stepwise or more gradual … whether the frequency decline is sudden or gradual depends on the location of the propagation blocks [dislocations] . If the blocks occur at the same location … then this will lead to a sudden frequency drop. 
F I G U R E 7
Effect of proximal decoupling in the coupled oscillator model. (a) In our model, coupling strength between oscillators is the product of two parameters: the 'gap junction conductance' (g junc ), which is constant across the chain, and the 'gap junction density' (d junc ), which varies randomly. Interval waves (IMaps in c) and frequency steps (corresponding autocorrelation panels in b) occurred at points of low d junc (a). However, step induction is not simply a matter of coupling strength but is instead a balance between coupling and the difference between the natural ( ) and pulled frequencies of the oscillator. As the pulled-difference increases with distance from a proximal step, the chance of a new step increases. Thus, proximal steps influence the appearance of distal ones, and the overall distribution of steps is a dynamic equilibrium. This is illustrated here by reducing d junc to zero at the 30th oscillator (dashed horizontal lines in b and c). This induced a frequency step at this point, but without any interval waves because there was no communication across the step. The induced step lowered the pulled frequency distal to it, thereby decreasing the pulled-difference and suppressing the step at . In contrast, the and steps were not suppressed because by this point the pulled-difference had risen back. When overall coupling (g junc ) was lowered, the step at reappeared because the lowered coupling was enough to overcome the lowered pulled-difference. When two points are close to each other with approximately the same low coupling, there will be dynamic competition between them as to where the step forms. This can be seen between and
But if blocks occur in a wider region … then a more gradual frequency decline can be seen.'
Dislocations might be fixed owing to either spontaneous symmetry breaking or spatial noise (see Introduction). In the mouse small intestine, the evidence points to the latter. Spontaneous symmetry breaking would give a uniform spacing between steps, but steps are If one makes a circle about a dislocation and sums phase in one direction and then subtracts in the reverse, the phase changes by an integer multiple of one wave. This integer is the 'topological charge' of the dislocation (Berry, 1998) . In our case, the charge is the number of terminating waves (m) minus the number of initiating waves (n) . The birth of pairs of oppositely charged dislocations (a 1:0 and 0:1 in our m:n terminology) by wave break has been called a 'topological phase transition' (Gibney & Castelvecchi, 2016 Figure 7 (suppression of distal steps by proximal uncoupling, followed by reappearance of steps at the same positions with overall decoupling) can be carried out experimentally. For two small intestines, we show space-time plots of their dislocations over the whole period of the experiment (a,d), along with IMaps (c,f) and their corresponding autocorrelation (b,e) for three periods during the experiment (p1 to p3; indicated by dashed boxes in a and d). The grey boxes in the dislocation plots indicate an interruption of the video recording, during which time the intestines were pinched with needle holders ∼6 cm from their proximal end, indicated by horizontal dashed lines in the plots and IMaps. These pinches suppressed distal frequency steps ( and in the first intestine; , and in the other). Carbenoxolone (2 and then 5 M) was added to reduce overall coupling (arrows in the dislocation plots), the equivalent of reducing g junc in the model. This brought back in the first intestine and and in the second Electrical field pulse-induced dislocations and interval waves. Dislocations can be induced by single pulses of electrical field stimulation . (a) If the timing of the pulse is right, it will make a cut though the train of contractions, leaving loose wave ends either side of the cut, as illustrated schematically; the time of the pulse and the electrode position are indicated by red dashed lines. The response to the pulse can be classified by the number of terminating/proximal ends (m) and the number of initiating/distal ends (n), and these can be combined as an m:n number pair. When m ≠ n, the response is a dislocation. (b) In the IMap, the small intestine was stimulated at two points (indicated by horizontal white dotted lines) at a frequency of 0.02 Hz or every 50 s (indicated by vertical white dotted lines), with pulses 15 ms long and 50 V cm −1 field strength (50 V across a 1 cm gap). The m:n numbers are indicated for each response. Every dislocation was associated with an interval wave. The 0:0 responses had no interval waves, and a 2:2 response had a small interval wave. Between the stimulation points were a line of spontaneous dislocations and interval waves. These can also be classified by m:n numbers, although this may involve some judgement. For instance, when two 1:0 dislocations (e) were close enough together that their interval waves merged into one (f), we classified this as an overall 2:0 dislocation. The merged interval wave was larger in amplitude than the 1:0 interval waves; it was like a summation of two 1:0 interval waves. Towards the end of (b), the spontaneous 1:0 and 2:0 dislocations are closely packed, so that their interval waves lower the pulled frequency enough to suppress dislocations at the distal stimulation point. Pulses can be simulated in the coupled phase oscillator model by applying phase shifts according to the experimentally measured phase response curve (see Methods). In the IMap for the model (g), there was a line of closely spaced spontaneous 1:0 dislocations (j,k). Below this, the model was 'stimulated' (white dashed lines), and 1:0 dislocations formed with associated interval waves (h,i). The parameters were as follws: proximal = 1.2 s; distal = 1.5 s; = 0.03 s; g junc = 4; and d junc = Levy-stable distribution by the term 'defect-mediated turbulence' , where the 'defect' is the dislocation (Coullet & Lega, 1988; Cross & Hohenberg, 1993; Gapanov & Rabinovich, 1990) . Turbulence is an apt description of the pattern of contraction waves observed in the intestine with a transition to neural activity.
The dynamics of dislocations and their interval waves
The dynamics of dislocations, interval waves and frequency steps can be summarized by four statements.
(i) The probability of a dislocation at any point in space and time is proportional to the pulled frequency minus the natural frequency, divided by the coupling strength.
(ii) An interval wave is a decrease in pulled frequency.
(iii) The size of a frequency step is equal to the frequency of dislocations (interval waves) multiplied by their average topological charge.
(iv) It follows from (i) and (ii) that the interval wave of a dislocation suppresses the probability of another dislocation in its wake, to a degree dependent on coupling, and thus a step will suppress step formation distal to it.
The illustration of statement (iv) by proximal decoupling is by now a classic experiment in gastrointestinal physiology. Milton and Smith (1956) were possibly the first to perform this experiment, showing that clamping the canine intestine reduced the frequency of slow waves distal to it and that this effect persisted after removing the clamp owing to 'irrecoverable damage to the conducting mechanism' . Others followed (Bass & Wiley, 1965; Bunker, Johnson, & Nelsen, 1967) , but (Diamant & Bortoff, 1969a) . They found, as we did, that steps up to a certain distance distal from the decoupling (transection) point disappeared, being replaced by a new, lower-frequency plateau.
Since that time, a number of investigators have cut, clamped or ligated the small intestine, with the same results (Akwari, Kelley, Steinbach, & Code, 1975; Lammers & Stephen, 2008) .
Here, we showed, for the first time, that lowering the denominator in eq. (5) brings steps back.
Interval waves as strain
A network of coupled oscillators can be imagined as a group of runners on a circular track (Strogatz, 2004) . The runners have different natural speeds ( ), but a fast runner can hold onto (couple with) a slower runner and drag (pull) him around the track. The slower runner drags his feet and so there is a tension in their coupling and every so often their hands will slip apart, letting the faster runner lap the slower before rejoining (a dislocation). How often this happens will depend on both the difference in their natural speeds and the strength with which they hold onto each other [statement (i)].
The picture of a dislocation as a release of tension in the pulledfrequency difference can be extended more formally using the mechanical concept of the strain field (Freund, 2015) . For some material, one has a set of coordinates, say for atomic positions, each coordinate a vector (x) of length equal to the number of spatial (or other) dimensions. One then deforms the material and remeasures those position coordinates (x ′ ). The change in each position is a vector, u = x ′ − x, and u(x) is the deformation field. For a particular pair of dimensions (p, q), the strain ( ) field is given by the following:
i.e. strain is a measure of deformation (u) relative to a reference length ( x). In mechanics, 'stress' is defined as the force that causes that deformation. When p = q (a normal strain field), the deformation of a line is related by pp = / 0 − 1, where and 0 are the deformed and undeformed lengths, respectively, of the line along p. Therefore, a map of time intervals between contraction waves ( along time) is a linear map of the normal strain field for time, and an interval wave is a wave of positive strain ( > 0 ). We are not talking about mechanical deformation of the intestinal muscle, but rather deformation of the temporal spacing between contractions. By our mechanical analogy, the release of pulled-frequency tension (or stress) by the dislocation propagates out as the deformation of the interval wave.
In a crystal, the termination of an atomic layer is called a dislocation and is associated with a real mechanical strain wave (Hytch, Putaux, (Hytch et al., 2003) , although this arrangement can be highly asymmetric, with one lobe much larger than the other. Negative interval wave lobes (decreased interval) were not apparent in the intestine. Both contraction and crystal dislocations are generated where there is a break or mismatch in some property.
Crystal dislocations repeat at its surface or the interface of a composite crystal (Liu et al., 2013; Sun et al., 2016; Zhang et al., 2015; Zhu, Li, Samanta, Leach, & Gall, 2008) . In the intestine, the interface is a point of low coupling at a frequency step. Also, interval waves were often seen emerging from the proximal end of the intestine (Figure 4c) , a surface interface.
The configuration of the mechanical strain wave of the crystal and the temporal 'strain wave' of the intestine can be understood from a geometric perspective. Forces (intermolecular or electrical coupling, respectively) tend to keep the elements of the system (atoms or oscillations) in a repeating pattern of straight lines (layers or waves) with constant spacing (spatial or spatiotemporal). When one line terminates, the neighbouring lines are pulled around it, to preserve the spacing, but this kink is not propagated outward from the terminus indefinitely. Spacing (atomic or wave interval) increases slightly in places or decreases slightly in others so that the kink dissipates and the lines return to straight. This can be thought of as a geometric problem in accommodating a terminating line while minimizing spacing variation and curvature. The pattern of deformation will depend on the particular forces between the lines or their elements.
Have interval waves been seen before?
Interval waves have been glimpsed before in a chain of coupled Van der Pol oscillators. Without the benefit of IMaps, Linkens and colleagues saw dips in the minute-averaged frequency that appeared to move down the frequency gradient of the chain over each minute snapshot (Linkens & Mhone, 1979; Robertson-Dunn & Linkens, 1974) .
Observation of the phase and frequency time series of the oscillators showed that the dip originated with a phase discontinuity (i.e. a dislocation) at a plateau boundary ( fig. 6 of Robertson-Dunn & Linkens, 1974 ). In the study by Linkens & Mhone (1979) , the frequency dips are suggested to be 'transient in nature' , sometimes occurring only at the start of the stimulation. However, in the study by RobertsonDunn & Linkens (1974) , 'The frequency depression commenced at the distal end of the [duodenal] plateau and resulted from the fact that there was a difference in average frequency between the plateau oscillators and the 14th oscillator [distal to the plateau]. This generated a beat frequency which determined the rate of generation of the frequency depressions.' Referring to a 'rate of generation' suggests rhythmic interval waves. The 'beat' refers to the waxing and waning of the oscillation (slow wave or contraction) amplitude that occurs at frequency steps, with the beat frequency determined by the frequency difference across the step (Parsons & Huizinga, 2015) . Our DMaps have shown that a dislocation occurs at the wane of each beat (Parsons & Huizinga, 2015) . Linkens and colleagues had no concept of a dislocation, so could not make this connection. The computer technology of the time allowed them to construct length-time dot plots, with the dots indicating oscillators at a fixed phase, but this map did not indicate dislocations clearly enough for them to pick up on the phenomenon (Robertson-Dunn & Linkens, 1974 ).
Hennig and colleagues calculated an interval map of 'ripple' contractions in the guinea-pig colon, the only previous example of interval mapping we are aware of (Hennig, Gregory, Brookes, & Costa, 2010) . They observed broad fronts of increased interval pinned to the boundaries of V-shaped ripples. This would appear to be an alternative origin of interval change to dislocations. They did not note dislocations or dislocation-associated changes in interval.
Summary: Why the complexity?
For all their complexity, dislocations, interval waves and frequency gradients have no obvious physiological function in and of themselves.
None of them is the end purpose. Instead, they appear to relate causally to one physiological imperative: to move content in (mostly) one direction along a very long organ, even when that organ might incur damage at any and multiple points (for example, during inflammation or fibrosis). A gut-length network of coupled oscillators with a natural frequency gradient is the perfect evolutionary-adaptive solution to this imperative. Contraction phase waves travel down the gradient and continue to do so if any one section of the network is damaged. In Aristotelian terminology, the directed contraction waves are the final cause, the network with frequency gradient is the efficient cause (the mechanism that brings about the final cause), and dislocations and strain waves are material causes (direct consequences of the network, without any relevance to the final cause).
The gut-wide oscillator network of the gut contrasts with the heart, where the oscillators are localized to nodes (the sinoatrial and atrioventricular), and depolarization waves propagate from those nodes, through the muscle, by excitation. The heart is built this way because the waves need to be coordinated precisely to act as a pump; there has to be a master (nodes) and slave (muscle). If the muscle consisted of coupled oscillators, it would be prone to chaos; defect-mediated turbulence. This is exactly what happens in ventricular fibrillation, when the muscle cells themselves become oscillators. In the heart, neurally mediated change in pacemaker frequency has an obvious function in changing the pump rate as demand for oxygen changes.
Yes, the 'pump rate' of the gut does change, but is this really done by turning a slow wave frequency knob up or down? It seems more likely that patterns of slow wave contraction change, from peristaltic to turbulent to segmental or to no contraction at all (Huizinga et al., 2014) . Thinking of slow waves as the product of a network of coupled oscillators completely alters our perspective on how this happens.
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